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Introduction {#sec1}
============

Contamination of heavy metals in waters possess threats of severe adverse effects on aquatic ecosystem and non-negligible threats to human health ([@bib2], [@bib33]). Although Fe(Ⅲ) ions regularly participate in various metabolic pathways (such as cellular metabolism and enzyme catalysis) ([@bib15], [@bib46]), excessive ingestion of Fe(Ⅲ) ions into human body would cause certain disorders (i.e., hemochromatosis) ([@bib32]). Moreover, high concentration of Fe(Ⅲ) ions in waters might distort the redox potential of natural aquatic chemistry owing to its fairly strong oxidizing property ([@bib5], [@bib7]). Therefore, developing high-sensitivity methods with satisfactory accuracy toward Fe(Ⅲ) ions existing in real water samples is highly required. Previous studies have displayed numerous methods for Fe(Ⅲ) detection, including atomic absorption spectrometry ([@bib13]), electrochemical analysis ([@bib38]), liquid chromatography ([@bib22]), and inductively coupled plasma atomic emission spectrometry (ICP-AES) ([@bib42]). However, most of these are operated with high cost and tedious steps that are hard to meet the demand for online actual water survey. As a result, a novel fluorescent nanosensor equipped with nanomaterials as a fluorescence source may be regarded as instrumental in providing a high-throughput method for Fe(III) ion detection.

Benefitting from high quantum yield (QY) and size-tunable emission profiles, quantum dots (QDs) have been considered as the favorable devices for assembling the fluorescent nanosensors for detecting metal ions ([@bib9]). However, extreme toxicity and poor water solubility of popular semiconductor QDs (i.e., CdSe) impeded their application ([@bib14]). Several methodologies were employed to improve their water solubility and for lowering their toxicity, such as surface passivation and coating by silicon oxide films ([@bib41]). But the efficiency of most of these are largely debatable because of the severe fluorescent decay and complex modification procedures ([@bib8]). Instead, CQDs are composed of graphitic microcrystalline cores with sp^2^ hybridization and abundant surface area bearing polar functional groups ([@bib10]). Recent reports have demonstrated that CQDs possess varied application potential owing to the characteristics of low toxicity, high water solubility, environmental compatibility, biocompatibility, and low photobleaching ([@bib27], [@bib39], [@bib50]). The synthetic routes to CQDs are divided into two categories of bottom-up and top-down ([@bib27]). Compared with the reported top-down methods (i.e., arc discharge, laser ablation, electrochemical oxidation), the biomass-derived CQDs depending on bottom-up approach could act as low-cost and environment-friendly materials, which have attracted significant interest in the fields of sensing, bioimaging, nanomedicine, photocatalysis, and so on ([@bib16], [@bib49]). Yet, the uncertain mechanism of formation and fluorescence on account of complicated chemical constituents and their structures currently limits the in-depth study on such CQDs.

In addition, although biomass-derived CQDs exhibit advantages of fluorescence quenching-based detection, their specificity is controversial because of the kinetics of fluorescence quenching still being dubious. The Stern-Volmer (SV) equation is a basic theoretical kinetic model describing the dynamic quenching mechanism of fluorescence quenching-based sensors. However, this model cannot be well-fitted to the experimental results as the quencher concentration increased, presenting the progressively larger deviation in high quencher concentration condition ([@bib40]). Following this, some resultant kinetic models were developed to adapt the misfits such as partial fitting or dual-model matching utilizing different equations as well as different parameters ([@bib28], [@bib35], [@bib47]). For instance, [@bib34] employed a modified kinetic model by converting the concentration coordinate to the logarithm of concentration to further fit the experimental data. However, these reported kinetic models were established merely by the mathematical fitting of experimental results, which are hard to satisfy different quenching systems, and thus hinder the understanding of actual quenching mechanisms. Various previously reported quenching systems and their corresponding resultant kinetic models are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

The phycocyanin-extracted microalgal residue is considered as a hazardous waste biomass consisting of large amounts of inorganic salts (around 30% of the dry cell weight), causing a tremendous disposal risk. Luckily, the salts present in microalgal residue may be conducive to its structural decomposition and consequent the formation of CQDs ([@bib37]). Thus, we herein fabricated an innovative Fe(Ⅲ) nanosensor from phycocyanin-extracted microalgal residue through a hydrothermal method. This real-water applicable fluorescence quenching-based detection method was then established by formulating an advanced kinetic model. With the emergence of the multiple-order kinetic model, the mathematical operation was systematically formulated and concluded. Several typical fluorescence quenching conditions also showed decent fitting results with the advanced kinetic model. Furthermore, the quenching mechanisms were eventually established via quenching-recovery experiment and fluorescence lifetime measurement under different quencher concentrations. As a result, this work clearly demonstrates that the as-prepared CQDs nanosensor may be a powerful tool for precisely detecting Fe(Ⅲ) and fashions a convincible advanced kinetic model together with revealing the corresponding mechanism for maximizing its application potential.

Results and Discussion {#sec2}
======================

Properties of the Obtained CQDs {#sec2.1}
-------------------------------

As shown in [Figure 1](#fig1){ref-type="fig"}A, the quasi-spherical and monodispersed microalgal residue-derived CQDs were observed. Based on the auto-measurement of size distribution, the average Feret diameter of CQDs was found to be 8.5 ± 2.2 nm, which is similar to the previous reports ([@bib36]). The high-resolution TEM image of single CQD was shown in [Figure S1](#mmc1){ref-type="supplementary-material"} with the lattice parameter of about 0.24 nm, representing the (1120) lattice fringe of graphene ([@bib48]). As observed from the full range of XPS survey spectrum ([Figure S2](#mmc1){ref-type="supplementary-material"}), the surface of CQDs was mostly composed of carbon and oxygen atoms. Signals of Ca and Cl atoms were also found from the inherent minerals in biomass precursors ([@bib19]). The signal of C 1s ([Figure 1](#fig1){ref-type="fig"}B) could be de-convoluted as three characteristic peaks at 284.7, 285.9, and 288.3 eV, attributing to C-C/C=C, C-O/C-O-C, and C=O groups, respectively ([@bib30]). In the O 1s spectrum ([Figure 1](#fig1){ref-type="fig"}C), the de-convoluted three peaks at 531.1, 531.9, and 533.0 eV could refer to C-OO, C=O, and C-O/C-O-C moieties, respectively ([@bib29]). The Fourier transform infrared (FTIR) spectrum of CQDs ([Figure 1](#fig1){ref-type="fig"}D) was recorded to recognize the surface functionalization. A broad absorption peak from 3,700 to 2,700 cm^−1^ was assigned to C-H and the -OH stretching vibrations observed within CQDs, conforming to the previous study that demonstrated abundant existence of -OH on the edges of CQDs ([@bib6]). Other surface oxygenic functional groups could be confirmed from the absorptions at 1,720 cm^−1^ and 1,230 cm^−1^, respectively, which are attributed to C=O and C-O groups ([@bib18]). The band at 1,400 cm^−1^ revealed that the aromatics C-C stretching vibration existed as the indicator of graphited carbon matrix in CQDs ([@bib44]). In addition, the carbonization peak appeared at about 530 cm^−1^ ([@bib36]). In the XRD pattern ([Figure 1](#fig1){ref-type="fig"}E), the peak centered at 2θ of 22.3° was consistent with (002) lattice facet of graphitic crystalline structure ([@bib36]). It was noted that the lattice spacing (0.42 nm) was larger than that of bulk graphite (0.33 nm), indicating the turbostratic phase of CQDs, which incorporated micro-crystallization as well as amorphous carbon ([@bib43]). Other sharp peaks in the XRD pattern stand for crystalline CaCl~2~ introduced from microalgal residue. Therefore, it can be concluded that the obtained CQDs were minor-sized turbostratic carbonaceous dots constituting the graphited core and abundant sp^3^ oxygen-containing groups on the edges.Figure 1Structural Characterization of CQDs(A)TEM images and size distribution (scale bar, 1.5 cm).(B) XPS spectra (C1s peaks).(C) XPS spectra (O1s peaks).(D) FTIR spectra.(E) XRD patterns of CQDs.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

The excitation-dependent emission map ([Figure 2](#fig2){ref-type="fig"}A) exhibits three photoluminescence (PL) peaks. The occurrence of PL peaks resulted from the transfer and recombination of excited electrons on three fluorescent active centers between the graphited core and surface of CQDs ([@bib23]). The visual photophysical information is represented by virtue of PL and photoluminescence excitation (PLE) spectra ([Figure 2](#fig2){ref-type="fig"}B). A blue fluorescence emission appeared from the CQDs under 355-nm UV irradiation. Moreover, two peaks in PLE spectrum at 300 and 355 nm indicated core and surface absorption, respectively. The absorption at 280 nm indicates the π-π^∗^ transition in aromatic C=C bond, whereas the absorption at 330 nm is attributed to n-π^∗^ transition in C-O and C=O bonds ([Figure 2](#fig2){ref-type="fig"}B). These results suggest the behavior of electron transfer followed the adsorption pattern of the core and surface of CQDs, respectively ([@bib31]). Similar to most carbon-based nanomaterials, the microalgal residue-derived CQDs displayed the excitation-dependent emissions ([Figure 2](#fig2){ref-type="fig"}C) in the range of 260- to 380-nm excitation wavelength. Centered at 435 nm, the CQDs displayed the strongest blue fluorescence when excited at 355 nm, which was selected to act as the preferred experimental parameter of following quenching and detection tests.Figure 2Optical Properties of CQDs(A) Excitation-dependent emission map.(B) UV-vis, PL, and PLE spectra of CQDs.(C) PL spectra at different excitation wavelengths (260--380 nm).(D) PL decay curve at 355 nm.See also [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

Based on concentration-dependent PL intensity ([Figure S3](#mmc1){ref-type="supplementary-material"}), the quantum yield (Φ) of CQDs was found to be 7.7% against the reference of quinine sulfate in 0.1 M H~2~SO~4~. The obtained Φ demonstrated that the fluorescence was mostly generated by CQDs instead of fluorescent molecule. The PL decay behavior of CQDs was quantified by a time-correlated single-photon counting technique, as shown in [Figure 2](#fig2){ref-type="fig"}D. As fitted by the biexponential decay equation ([@bib4]), the PL lifetime was dominated by the decay parameter of 5.96 ns as along with a small contribution from that of 10.93 ns. The average PL lifetime calculated as 6.0 ns was represented as the reference in this study, which is similar to the previous reported biomass-derived CQDs (6.87 ns) ([@bib24]). As shown in [Figure S4](#mmc1){ref-type="supplementary-material"}, CQDs exhibited high fluorescence stability under long-period UV irradiation, high ionic strength, and a wide pH range. Specifically, the decay of fluorescent intensity in acidic (pH less than 3) or alkaline (pH more than 11) environments may be attributed to the changes in interfacial structures on CQDs. In addition, CQDs maintained the strongest emission while dispersed in water, compared with the ones in lower-polarity organic solvents ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Such properties of CQDs may be beneficial for working as a nanosensor in real water.

Label-free Detection of Fe(Ⅲ) {#sec2.2}
-----------------------------

To evaluate the selectivity of the CQDs as a nanosensor toward Fe(Ⅲ), the most common ions existing in natural aquatic environments (i.e., Na^+^, K^+^, CO2-3, NO-3) were also employed in addition to Fe(III), to quench the suspension containing 100 mg L^−1^ CQDs ([Figure 3](#fig3){ref-type="fig"}A). With the involvement of Fe(Ⅲ), the highest quenching rate of 84% was obtained. [Figure 3](#fig3){ref-type="fig"}B further indicates the anti-jamming capability of Fe(Ⅲ) detection by microalgal residue-derived CQDs nanosensor, showing that no obvious changes in PL intensities were present after addition of various high-concentration (2 mM) cations to the Fe(Ⅲ) quenching, thus indicating that the CQDs have great selectivity without interference, for Fe(Ⅲ) detection.Figure 3Application of Fluorescence Nanosensor(A) Influence of different ions (1 mM) on the PL intensity change of CQDs. (Data are represented as mean ± SEM.)(B) Cation interference (1 mM) on Fe(Ⅲ) quenching of CQDs. (Data are represented as mean ± SEM.)(C) Fluorescence quenching responses of the CQDs (100 mg/L) with Fe(Ⅲ).(D) Fluorescence quenching responses of the CQDs (100 mg/L) with Cu(Ⅱ).(E) Fluorescence quenching responses of the CQDs (100 mg/L) with Hg(Ⅱ).See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}, [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

The Fe(Ⅲ)-induced quenching behavior of CQDs was explored by a stepwise-quenching method of adding Fe(Ⅲ) ions ranging from 0.01 to 10 mM ([Figure 3](#fig3){ref-type="fig"}C). Before complete quenching, the quenching effect exponential heightened with the increase in the concentration of quencher. When fitted only by traditional static or dynamic kinetic models as reported in a previous study ([@bib26]), the calculated curve seemed to be partially corresponding to the experimental data. In view of the kinetic model to better describe the corresponding chemical reaction ([@bib45]), the order of i was then introduced to establish the multiple-order quenching kinetic model for absolutely fitting the experimental data. Taking logarithm of concentration as the x axis and the logarithm of *F*~*0*~*/F-1* as the y axis, the linear fitting of quenching kinetics was found to have an excellent correlation coefficient (R^2^) of 0.9810 ([Figure 3](#fig3){ref-type="fig"}C). These results further reveal the quenching constant (K~SV~) to be 3.94×10^3^ L·mol^−1^ and the quenching order (i) to be 1.14, suggesting a high quenching efficiency of Fe(Ⅲ) on the CQDs. From the standard curve, the limit of detection (LOD) for this method was estimated to be 1.67 μM, corresponding to 93.4 ppb. It clearly indicates that the Fe(Ⅲ) detection by the as-prepared CQDs nanosensor exhibits greater merits along with simplicity, high sensitivity, and fast response.

To examine the practical application potential of the CQDs nanosensor, tap water, river water, and municipal wastewater with different water qualities were chosen as the real-world water samples. Spiked with the Fe(Ⅲ) ions at concentrations of 0, 0.15, 0.30, and 0.60 mg L^−1^ (in keeping with standard China policy of 0.3 mg L^−1^ in drinking water), the reliable quantification of Fe(III) concentrations in the samples was done by ICP-AES, along with calculating the corresponding quenching kinetics for comparison. ICP-AES is noticed as a reliable method for highly accurate heavy metals detection, which is generally selected as the criterion in evaluating the applicability of newly ions detectors ([@bib1]). As shown in [Table 1](#tbl1){ref-type="table"}, the nanosensor-detected concentrations of Fe(Ⅲ) exhibited a good agreement with the values determined by ICP-AES, which performed nearly 100% recovery rate under different standard concentration. Moreover, the standard deviation was accepted for a detection method of water samples. The results suggest that the fluorescent nanosensor CQDs can work in real water samples as a tool to establish a practical and promising method for the Fe(Ⅲ).Table 1Fe(Ⅲ) Detection in Different Waters Based on Standard Recovery MethodSampleFe(Ⅲ) Addition (mg/L)Proposed Method (mg/L, Mean[a](#tblfn1){ref-type="table-fn"}±SD[b](#tblfn2){ref-type="table-fn"})ICP-AES (mg/L, Mean ± SD)Tap water 100.011 ± 0.0030.012 ± 0.002Tap water 20.150.162 ± 0.0210.162 ± 0.005Tap water 30.300.309 ± 0.0400.311 ± 0.010Tap water 40.600.613 ± 0.0890.615 ± 0.023Songhua river water 100.143 ± 0.0190.140 ± 0.004Songhua river water 20.150.297 ± 0.0410.294 ± 0.009Songhua river water 30.300.440 ± 0.0770.447 ± 0.014Songhua river water 40.600.750 ± 0.1080.749 ± 0.021Municipal wastewater 100.065 ± 0.0100.064 ± 0.004Municipal wastewater 20.150.210 ± 0.0180.210 ± 0.013Municipal wastewater 30.300.371 ± 0.0430.365 ± 0.021Municipal wastewater 40.600.673 ± 0.0920.670 ± 0.033[^2][^3]

Application of Multiple-Order Quenching Kinetic Model {#sec2.3}
-----------------------------------------------------

As mentioned above, the multiple-order kinetic model obtained by introducing a new parameter in molecular-level fluorescence quenching processes explained the previous models by partial or two-stage fitting. To ascertain the applicability of such multiple-order kinetics, four fluorescence quenching systems with the diverse quenchers or fluorescent sources were employed. Initially, the Cu(Ⅱ) and Hg(Ⅱ) with quenching efficiencies lower than Fe(Ⅲ) were selected to quench the CQDs ([Figure 3](#fig3){ref-type="fig"}A). [Figures 3](#fig3){ref-type="fig"}D and 3E showed the quenching PL curves and the linear fitting of kinetics based on the quenching processes by the solutions having concentrations of 0.05--10 mM of Cu(Ⅱ) or Hg(Ⅱ). The multiple-order quenching kinetics model fitted well with the experimental data with the R^2^ of 0.9808 (Cu(Ⅱ)) and 0.9773 (Hg(Ⅱ)), in spite of the incomplete quenching efficiency. These results indicate that this newly established multiple-order kinetics model could be fitted well to different quenchers within CQDs nanosensors. The nonlinear kinetics fitting of fluorescent intensity toward quencher concentration by three different ion quenchers is shown in [Figure S5](#mmc1){ref-type="supplementary-material"}. The fitting of nonlinear curves revealed an exponential-like decay function at the initial stages with the rapid decline in intensity. The linear or two-stage linear model in previous studies ([@bib17]) interpreted the kinetic process only in partial range of the quencher concentration. However, the multiple-order kinetics model could further account for the entire quenching process and the complicated quenching mechanisms with a mathematical reality. Consequently, the higher quenching efficiency in Fe(Ⅲ) could be attributed to the lower values of the key kinetic parameters of K~SV~ and i ([Table S2](#mmc1){ref-type="supplementary-material"}).

To assess the application potential of the established multiple-order kinetics model, the common fluorescent compound MB was used based on its wide application as a chemical indicator and biological stain. Moreover, MB gave off a similar PL spectrum to the as-prepared CQDs because of its thiophenylamine structure ([@bib21]) ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Thus, the kinetic behavior of MB quenching could be compared to the CQDs fluorescent quenching. As shown in [Figure S6](#mmc1){ref-type="supplementary-material"}B, an excellent fitting of Fe(Ⅲ)-induced quenching of the MB system (R^2^ = 0.9967) by the multiple-order model was observed. A lower quenching efficiency of 60% in MB than that in case of CQDs resulted from the differences in K~SV~ and i values ([Figure S6](#mmc1){ref-type="supplementary-material"}C). These results could summarize the good fitting of the multiple-order kinetic model with the experimental results in fluorescent quenching systems regardless of the fluorescent substances and quenchers used therein. Compared with the applicable linear or SV model with partial fitting, the multiple-order model can provide a more accurate theoretical kinetics to better describe the fluorescent quenching-based detection. More importantly, it is worthwhile to consider the physical meanings of K~SV~ and i together with the further mechanisms involved.

Quenching Mechanism {#sec2.4}
-------------------

The fluorescent quenching mechanisms involving the interactions between CQDs and ionized quenchers were carefully explored. A previous study has indicated that Fe(Ⅲ) ions could bond with the superficial phenolic hydroxyl groups of CQDs by means of chelation interaction. Therein, the quenching of the fluorescence may occur by hindering the electron transfer ([@bib25]). To verify the above hypothesis, a fluorescent quenching recovery experiment was executed. Owing to high binding affinity with Fe(Ⅲ), EDTA, citric acid, and NH3 were then selected as the strong complexing agents to spike the CQDs during the quenching processes utilizing 1 mM Fe(Ⅲ) ions to verify whether the complexing action happened between Fe(Ⅲ) ions and CDs. If the CQDs were indeed quenched by chelation interaction, which changed the inherent property of CQDs, the complexing agents with stronger binding ability would compete with the sites on CQDs for the Fe(Ⅲ) ions and lead to the recovery of fluorescence within CQDs. As shown in [Figure 4](#fig4){ref-type="fig"}B, a reduction in fluorescent intensity instead of the expected recovery was observed on adding the complexing agents. The tendency adverse to the hypothesis of static-quenching process may have resulted from the formation of Fe(Ⅲ)-chelate, which could improve the ionic strength ([@bib11]). Therefore, this phenomenon indicates that the interaction between Fe(Ⅲ) and CQDs did not follow the pattern of static quenching, which may proceed by altering the inherent chemical surface structure of CQDs. In addition, to examine whether Fe(Ⅲ) affected the surface state of CQDs, the study on zeta-potential variations upon changing the pH was carried out ([@bib3]). [Figure S7](#mmc1){ref-type="supplementary-material"} shows a similar variation trend and an isoelectric point (IEP) no matter whether other quenching ions were introduced or not. Accordingly, the quenching of CQDs by Fe(Ⅲ) may be a dynamic collision process, which does not alter the inherent property of CQDs. Previous studies have demonstrated that the dynamic quenching could be attributed to the interaction of the quencher with the excited states of CQDs, which would not impact the fluorescence lifetime of CQDs ([@bib26]). To directly validate the dynamic quenching process, we further employed the PL decay curves to observe the variation in fluorescence lifetime after spiking with different concentrations of Fe(Ⅲ) ions. The measured PL decay curves barely displayed any difference under different concentrations of Fe(Ⅲ) ions ([Figure 4](#fig4){ref-type="fig"}C). The fluorescence lifetime was regarded as an effective indicator for the extra-nuclear electrons generating fluorescence due to the transition and recombination among themselves ([@bib26]). As stated in [Equation S4](#mmc1){ref-type="supplementary-material"} ([Transparent Methods](#mmc1){ref-type="supplementary-material"}), the variance of fluorescence lifetime depended on the changes in intrinsic transition rate k~f~ and the summation of all the non-radiative jump rates ∑k~i~. Correspondingly, the dynamic quenching process was established as a concentration-related transition parameter, which cannot raise any change in fluorescence lifetime ([@bib12], [@bib20]). Thus, we here conclude that the quenching of CQDs by Fe(Ⅲ) ions followed the mechanism of dynamic quenching. The aforementioned direct dynamic-quenching process is graphically displayed in [Figure 4](#fig4){ref-type="fig"}A. The CQDs with a graphitic core and carboxylic acid surface could absorb high-wavelength light and thus cause the electron transition. The excited CQDs interacted with mobile Fe(Ⅲ) ions by electron or photon transfer, and fluorescent quenching occurred according to the non-radiative electron-hole recombination mechanism. The interaction of excited electrons and ions should be further studied to develop more selective and sensitive fluorescent nanosensors, along with exploring the actual quenching mechanisms based on the advanced kinetics model.Figure 4Fluorescence Quenching Mechanism(A) Schematic diagram of Fe(Ⅲ) dynamic quenching on CQDs.(B) Fluorescence recovery of Fe(Ⅲ) quenched CQDs by different complexing agents.(C) PL decay curve of CQDs quenched by different Fe(Ⅲ) concentrations.See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Conclusion {#sec2.5}
----------

In the study, we employed the microalgal residue-derived CQD as Fe(Ⅲ) nanosensor. The CQD synthesized by a facile hydrothermal process exhibited a mass yield of 33.4% and quantum yield of 7.7%. Without further passivation or modification, the obtained CQD was found to be a highly efficient Fe(Ⅲ) nanosensor. The "turn-off" fluorescent detection method with sensitivity and wide-concentration applicability has been developed by the advanced kinetic model, which was approved in different fluorescent quenching systems. Moreover, the lifetime-constant dynamic-quenching process was confirmed and may be attributed to the electron or photon transfer from excited surface of CQDs to the mobile Fe(Ⅲ) ions. The study not only provided an eco-friendly approach of manufacturing CQDs by low-cost biomass waste but also offered the valuable information of promising application of Fe(Ⅲ) ions detection for actual water samples by CQDs. Most importantly, the developed advanced kinetic model provides a new insight for fluorescence quenching kinetics and mechanism in bioimage and fluorescent nanosensor.

Limitations of the Study {#sec2.6}
------------------------

This work established a microalgae residue-derived fluorescence nanosensor for Fe(Ⅲ) detection with an advanced kinetic model. The application of the sensor was limited in water samples. More application scenarios (i.e., cell imaging) could be considered in the future study. Moreover, by introducing the reaction order parameter i, the advanced kinetic model exhibits satisfactory fittings over a wide detection range. But the physical significance and influence factor of the parameter i were indistinct. For extensive application of the advanced model, more effort should be adopted in terms of fluorescence quenching mechanism.

Resource Availability {#sec2.7}
---------------------

### Lead Contact {#sec2.7.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Shih-Hsin Ho (<stephen6949@hit.edu.cn>).

### Materials Availability {#sec2.7.2}

All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

### Data and Code Availability {#sec2.7.3}

All relevant data are available from the corresponding author (<stephen6949@hit.edu.cn>) upon reasonable request.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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